Polyglutamine-binding protein 1 (PQBP1) is a highly conserved protein associated with neurodegenerative disorders. Here, we identify PQBP1 as an alternative messenger RNA (mRNA) splicing (AS) effector capable of influencing splicing of multiple mRNA targets. PQBP1 is associated with many splicing factors, including the key U2 small nuclear ribonucleoprotein (snRNP) component SF3B1 (subunit 1 of the splicing factor 3B [SF3B] protein complex). Loss of functional PQBP1 reduced SF3B1 substrate mRNA association and led to significant changes in AS patterns. Depletion of PQBP1 in primary mouse neurons reduced dendritic outgrowth and altered AS of mRNAs enriched for functions in neuron projection development. Disease-linked PQBP1 mutants were deficient in splicing factor associations and could not complement neurite outgrowth defects. Our results indicate that PQBP1 can affect the AS of multiple mRNAs and indicate specific affected targets whose splice site determination may contribute to the disease phenotype in PQBP1-linked neurological disorders.
Alternative splicing (AS) is a major source for biological diversity and a crucial determinant of cell identity and fate. To date, >90% of human precursor messenger RNAs (pre-mRNAs) are reported to undergo AS, with immense variation across tissue types and developmental stages (Wang et al. 2008) . The regulation of AS is carried out by the interaction of RNA-binding proteins (RBPs), notably hnRNPs and SR proteins, with cis-elements in the premRNAs (Black 2003) . The dynamics of RBP cis-element recognition are further modulated by a wide spectrum of spliceosome-associated proteins and are responsive to signal transduction networks (Varani and Nagai 1998; Wahl et al. 2009 ). Tissue-specific AS regulation is especially prominent in the nervous system (Castle et al. 2008) , where neurons must promptly respond to complex stimuli and perform downstream functions with flexibility and precision (Dredge et al. 2001) . Accordingly, neuronspecific AS networks modulate such diverse functions, including neurotransmission, receptor activity, and ion channel function, and thus impact higher brain functions, including cognition, coordination, and learning (Grabowski and Black 2001) .
Aberrant AS is a primary cause for many human diseases (Wang and Cooper 2007) . Diverse neurological disorders are closely linked to aberrant splicing and can be classified as cis-acting and trans-acting splicing defects (Licatalosi and Darnell 2006) . Cis-acting defects originate from mutations in the disease-associated gene that change sequences important for the correct splicing of the pre-mRNA. A representative example is frontotemporal dementia with Parkinsonism linked to chromosome 17, which arises from mutations causing missplicing of the mRNA for the microtubule-associated protein tau (Licatalosi and Darnell 2006) . Trans-acting defects arise from mutations or misregulation of splicing regulatory factors. One example is retinitis pigmentosa, characterized by a progressive loss of rod photoreceptor cells, which results from mutations in HPRP3, PRP31, and PRPC8-factors crucial for the assembly and functioning of U small nuclear ribonucleoproteins (snRNPs) in premRNA splicing (McKie et al. 2001; Vithana et al. 2001; Chakarova et al. 2002) . Although increasing numbers of splicing-related disorders have been identified, the molecular link between AS regulation and the disease phenotype remains to be elucidated.
Polyglutamine-binding protein 1 (PQBP1) is a highly conserved protein with mutations associated with ;10 familial X-linked mental retardation (XLMR) diseases (Kalscheuer et al. 2003; Stevenson et al. 2005) . Patients with these diseases share similar symptoms, such as intellectual deficiency, microcephaly, and short stature (Kalscheuer et al. 2003; Stevenson et al. 2005) . Although these diseases were separately discovered and originally thought to be unrelated, they were recently grouped together as ''Renpenning syndrome'' because of the common symptomatic manifestation and mutations in PQBP1 (Stevenson et al. 2005) .
The molecular function of PQBP1 remains unclear. PQBP1 is linked to transcription regulation based on its interaction with RNA polymerase II and other transcription factors (Waragai et al. 1999; Okazawa et al. 2002) . Recent studies also reported that PQBP1 was dynamically associated with stress granules and interacted with dynactin components, indicating a possible role for PQBP1 in RNA transport or cytoplasmic RNA processing (Kunde et al. 2011) . Also, PQBP1 has been implicated in premRNA splicing: PQBP1 interacts with known splicing factors such as WBP11 and U5-15KD (Komuro et al. 1999; Waragai et al. 2000) and is part of the early spliceosome (Makarova et al. 2004) . Consistent with this view, a disease-associated mutant of PQBP1 decreased splicing efficiency (Tapia et al. 2010) .
We previously identified PQBP1 in a screen for factors that affect the AS of the mRNA for Bcl-X, a mammalian apoptosis regulator (Moore et al. 2010) . Here, we show that PQBP1 affects the AS of numerous other pre-mRNAs in human cells. In addition, we used whole-transcriptome sequencing to identify a global set of PQBP1 AS targets in primary mouse neurons, which revealed that PQBP1 coordinates important neuronal functions and maintains normal neurite development. Collectively, our findings indicate that aberrant AS contributes to the disease pathology of PQBP1-associated neurological disorders.
Results

PQBP1 affects the AS of mRNAs encoding apoptotic factors
We previously identified PQBP1 as a potential effector for Bcl-x splicing in HeLa cells in a genome-wide siRNA screen using a fluorescence-based minigene assay ( Fig.  1A ; Moore et al. 2010) . To verify the effect of PQBP1 on the AS of Bcl-x, we examined the splicing of endogenous Bcl-x after depletion of PQBP1 with two different siRNAs (Fig. 1B) using RT-PCR primers flanking the alternatively spliced region (Fig. 1A) . As expected, depletion of PQBP1 favored a shift from the anti-apoptotic isoform Bcl-xL toward the proapoptotic isoform Bcl-xS via increased use of an alternative 59 splice site in the second exon ( Fig.  1A,C; Supplemental Fig. S1A,B) . These results confirmed that PQBP1 affects the AS of Bcl-x in HeLa cells.
We now show that PQBP1 affects additional AS events. We analyzed 31 mRNAs encoding apoptosis-related factors with annotated alternatively spliced isoforms. We designed primers to amplify the alternatively spliced exonic region and constitutive exonic region of each mRNA, and the ratio of the two amplicons was compared between the control and PQBP1 knockdown samples by RT-PCR. Approximately half of these mRNAs showed significant changes in AS when PQBP1 was knocked down ( Fig. 1D; Supplemental Fig. S1C ). These results provided further evidence that PQBP1 affects the AS of many mRNAs. Quantification of real-time PCR data on 14 mRNAs that showed significant AS changes between control and PQBP1 knockdown samples, with Mcl1 (not a target of PQBP1) as the negative control. The Y-axis depicts the ratio between amplicons for constitutive and alternative exonic regions; TPX-2 and CASP6 follow the Y-axis on the right side, while the rest follow the Y-axis on the left side. Light columns show the ratio of two amplicons from the control sample, and dark columns show the ratio of two amplicons from the PQBP1 knockdown sample. Mean of three independent measurements 6 SD are shown. The difference of the ratio between control and PQBP1 knockdown samples was analyzed by one-way ANOVA test. (*) Statistically significant with P-value < 0.03; (**) statistically significant with P-value < 0.01; (n.s.) not significant. See also Supplemental Figure S1C .
PQBP1 is associated with splicing factors
To further clarify PQBP1's role in AS regulation, we systematically determined the spectrum of proteins that are associated with PQBP1. In addition, to understand the aberrant function of disease-related PQBP1 mutants, we compared the associated protein profile of wild-type PQBP1 and two mutant variants identified in Renpenning syndrome patients.
PQBP1 protein contains a WW domain, a polar amino acid-rich domain, and a C-terminal domain with a nuclear localization signal (NLS) ( Fig. 2A ; Waragai et al. 1999) . The mutations in PQBP1 identified from Renpenning syndrome patients can be classified into two categories: frameshifting mutations in the AG dinucleotide hexamer in the polar amino acid-rich domain and missense mutations in the WW domain (Musante et al. 2010) . Here, we examined two representative disease-linked variants: one with an AG dinucleotide deletion (DAG) in the polar amino acid-rich domain, resulting in a truncated protein, and one with a point mutation (Y65C) in the WW domain ( Fig. 2A ; Kalscheuer et al. 2003) . PQBP1 localizes predominantly in the nucleus ( Fig. 2B ; Waragai et al. 1999; Komuro et al. 1999; Kalscheuer et al. 2003) . Interestingly, both DAG and Y65C mutants localize to the nucleus (Fig. 2B) , although DAG loses a potential NLS ( Fig. 2A) , indicating that there must be an additional unidentified NLS or that it enters together with another protein.
Proteins associated with wild-type PQBP1 were strongly enriched for known or potential splicing factors and spliceosome components ( Fig. 2E ; Supplemental Table  S1 ). HeLa cells expressing stably integrated Flag-HAtagged full-length PQBP1, DAG, or Y65C were generated by stable integration of retroviral constructs and shown by Western blotting to express exogenous proteins at a level comparable with endogenous PQBP1 (Fig. 2C) . Tandem affinity purification with Flag and HA antibodies followed by mass spectroscopy was performed to identify PQBP1-or mutant-associated proteins ( Fig. 2D ; Supplemental Table S1 ). WBP11, a previously known PQBP1 interactor (Komuro et al. 1999) , was detected in all three replicate purifications of wild-type PQBP1, confirming the validity of our approach (Supplemental Table S1 ). U5-15KD, another proposed interactor of PQBP1 (Waragai et al. 2000) , was not identified, possibly because of cell specificity or because the interaction is not strong enough to be detected in our tandem affinity purification. DAG showed significantly reduced splicing factor association compared with wild-type PQBP1, while Y65C lost associations with all splicing-related factors (Supplemental Table S1 ). These results established an association, either direct or indirect, of PQBP1 to the splicing machinery and identified the WW domain as important for linking PQBP1 to splicing complexes. This finding is consistent with the idea that disease-linked mutations may disrupt splicing-related functions of PQBP1.
PQBP1 influences SF3B1's (subunit 1 of the splicing factor 3B [SF3B] protein complex) recognition of splicing sites
To explore the mechanism of PQBP1 in AS regulation, we first examined whether PQBP1 directly binds pre-mRNAs whose splicing it affects. Although previous studies showed PQBP1 bound to polyrG resin in vitro (Komuro et al. 1999) , PQBP1 protein itself has no known RNAbinding domains ( Fig. 2A ; Lunde et al. 2007 ). We used the CLIP (cross-linking and immunoprecipitation) method to determine whether PQBP1 directly binds its targets in vivo (Ule et al. 2003) . Live HeLa cells were exposed to UV light to cross-link RNA-protein complexes, and then PQBP1 was immunopurified from cell lysates (Fig. 3A) . RT-PCR quantification of Bcl-x and nine other target mRNAs (Fig. 1D) showed no enrichment in PQBP1 immunoprecipitations compared with an irrelevant immunoglobulin G (IgG) control. These results suggest that PQBP1 does not bind AS target mRNAs directly, with the caveat that it may fail to be effectively cross-linked under the conditions where other known splicing factors are observed to bind.
PQBP1, on the other hand, affects the association of the spliceosome factor SF3B1 with a target pre-mRNA. Among the proteins that are associated with PQBP1 are SF3B protein complex members (Supplemental Table S1 ), which form part of the U2 snRNP. The function of the SF3B complex is critical for the assembly of the spliceosome complex A as well as the successful execution of the splicing reaction (Wahl et al. 2009 ). Furthermore, SF3B1 was reported to regulate the AS of Bcl-x through direct interaction with a cis-element in the Bcl-x mRNA (Massiello et al. 2006 ), and we observed that CLIP with SF3B1 showed a 40-fold enrichment of Bcl-x binding over an IgG control (Fig. 3D , blue column over Bcl-x).
To test whether the recognition of Bcl-x by SF3B1 is influenced by PQBP1, we knocked down PQBP1 in HeLa cells and reanalyzed the enrichment of Bcl-x in the SF3B1-RNA complex (Fig. 3B,C ). PQBP1 depletion led to an eightfold decrease of Bcl-x mRNA levels in SF3B1 CLIP compared with a control knockdown (Fig. 3D ), although the level of SF3B1 protein remained unchanged (Fig. 3B) , and the steady-state level of Bcl-x mRNA did not change upon PQBP1 knockdown (Supplemental Fig. S2 ).
To further test whether PQBP1's impact on SF3B1-RNA recognition is specific to the targets of PQBP1, we analyzed the mRNA of Mcl1 in the SF3B1-RNA complex. Like Bcl-X, Mcl1 is a mammalian apoptosis regulator and has two splicing isoforms: anti-apoptotic Mcl1-L and proapoptotic Mcl1-S (Akgul et al. 2004 ). However, while knockdown of SF3B1 significantly shifted the splicing of Mcl1 toward Mcl1-S (Moore et al. 2010 ), PQBP1 knockdown had little effect ( Fig. 1D ; Moore et al. 2010) . We therefore hypothesized that the knockdown of PQBP1 should have relatively minor influence on Mcl1 mRNA enrichment in the SF3B1-RNA complex. Indeed, CLIP data showed only a 1.4-fold decrease of Mcl1 mRNA enrichment in the SF3B1-RNA complex in the PQBP1 knockdown sample compared with the control (Fig. 3D) . Additionally, the decrease was mostly likely due to a Mcl1 mRNA steady-state level change of 1.5-fold (Supplemental Fig. S2 ). Therefore, PQBP1 influenced the recognition of SF3B1 to one mRNA whose AS is affected by PQBP1 but not for an mRNA where AS was regulated by SF3B1 but not PQBP1. These results do not rule out possibilities that PQBP1 may affect mRNA AS through other interactions or that other splicing factors may assist in the process.
Loss of PQBP1 causes defects in neurite outgrowth
Previous work found that PQBP1 is most highly expressed in the CNS of embryonic or newborn rodents, with the peak around birth (Qi et al. 2005) . Considering the tissuespecific expression pattern of PQBP1 as well as its disease association, we examined the role of PQBP1 in AS modulation in embryonic rodent neurons.
PQBP1 is highly expressed in embryonic mouse cortical and hippocampal neurons, as shown by Western blots (Fig.  4A ). In addition, PQBP1 localizes predominantly in the nucleus of neurons (Fig. 4B , top panels), as shown previously in other cell types (Waragai et al. 1999; Komuro et al. 1999; Kalscheuer et al. 2003) . A closer examination demonstrated that PQBP1 colocalizes with SC35-a splicing factor in nuclear speckles, a nuclear domain enriched for splicing regulatory factors ( A schematic of part of a hypothetical mRNA is shown. Orange rectangles are exons, and the black line is the intron. ''GU'' marks the 59 splice site, ''A'' marks the branch site recognized by the U2 snRNP with help from components like SF3B1, and ''AG'' marks the 39 splice site. Green dashed double lines indicate the association between PQBP1 and SF3B1. Through an association with SF3B1 and other splicing factors, PQBP1 influences the recruitment of U2 snRNP to specific target sites, thus affecting splicing decisions on a subset of mRNAs. Loss or mutations of PQBP1 interrupt the splicing factor association and the recognition of specific splice sites. See the Discussion.
To understand the importance of PQBP1 in neuron development, we knocked down PQBP1 in mouse embryonic primary cortical neurons with shRNAs delivered by lentivirus (Fig. 4C ). Neurons were first examined by immunostaining of the microtubule-associated protein 2 (MAP2), a marker for dendrites. Interestingly, upon PQBP1 knockdown, the number of projections and length of neurites were decreased, and the connection between neurons degenerated considerably (Fig. 4D) . A second shRNA against PQBP1 led to a similar defect in neurite morphology (Supplemental Fig. S3B,C) . To determine whether this defect is simply due to cell apoptosis, we compared the number of DAPI-stained intact nuclei after fixation as well as the percentage of Annexin V-stained cells between control and PQBP1 knockdown neurons (Fig. 4E,F) . No significant differences were observed, indicating that the defects observed from PQBP1 knockdown are not from neuron apoptosis.
PQBP1 knockdown neurons showed substantially diminished dendrite branching and dendrite length (Fig.  4G,H) . To quantify the changes in neurite outgrowth, we transiently transfected neurons with a nontargeting control shRNA or a PQBP1 targeting shRNA together with a GFP vector (Fig. 4G) . Sholl analysis was then performed on neurons that were GFP-highlighted for control and PQBP1 knockdown (Fig. 4H; Sholl 1953) .
To confirm that the dendritic outgrowth defect observed was a direct effect of PQBP1 knockdown, we examined whether the defect could be rescued by re-expressing wild-type PQBP1 in comparison with the disease-associated PQBP1 mutants. shRNA-resistant, Flag-HA-tagged cDNAs encoding human PQBP1, DAG, and Y65C were coexpressed in mouse cortical neurons with shRNAs targeting endogenous mouse PQBP1 ( Fig. 5A ; Supplemental Fig. S3D ). Western blots confirmed the knockdown of endogenous mouse PQBP1 and the concomitant expression of exogenous dual-tagged human PQBP1 and variants (Fig. 5B) . Total PQBP1 expression in all three rescue samples was compatible with the level of PQBP1 in the control sample, with the exception of DAG, which reached only 68% of the control (Fig. 5B) . To quantitatively compare neurite outgrowth between mutant PQBP1 and wild-type rescue, we transfected mouse cortical neurons with the rescue constructs (Fig. 5C ) and performed Sholl analysis after 5 d. A significant restoration of dendrite density and length was observed in wild-type PQBP1-rescued neurons, while DAG and Y65C showed less improvement (Fig. 5D,E,F) . In the case of DAG, it is possible that insufficient expression of DAG may contribute to the deficiency of rescue.
Combining the results above, we conclude that PQBP1 is important in maintaining neurite projection and out- growth in neuron development. Moreover, deviation in neurite structure may be part of the defects brought about by the disease-associated mutants of PQBP1.
Coupling of neuron projection and PQBP1 function
Dendrite structure is the crucial basis for neuron network formation and information processing. To clarify the molecular function of PQBP1 in maintaining neurite outgrowth, we systematically profiled the AS targets of PQBP1 in mouse embryonic cortical neurons by RNA sequencing (RNA-seq).
We considered RNA-seq reads that were directly mapped over splice junctions as the most straightforward evidence to quantify the splicing changes. For each splice junction, a 59 initiation site (59 IS) is defined as the final nucleotide position of the upstream exon, and the 39 end site (39 ES) is defined as the first nucleotide position of the downstream exon (Fig. 6A ). An AS event is then defined as a set of junctions that share the same 59 IS or the same 39 ES, with each junction in the set referred to as a sub-AS junction (Fig. 6A) . This definition covers all six primary AS patterns except for intron retention, which was not considered in our analysis (Supplemental Fig. S4A ; Black 2003 ). An AS event under an experimental condition is represented by the distribution of read counts mapped to each sub-AS junction within the AS event; i.e., the ''usage'' of each sub-AS junction under that condition. We developed methods to identify AS events that experienced significant differential ''usage'' of any sub-AS junction between control and PQBP1 knockdown conditions (for details, see the Supplemental Material) and defined these AS events as AS targets of PQBP1. In total, 457 targets were identified in the process (Supplemental Fig. S4B ; Supplemental Table S2 ).
To validate PQBP1 targets identified by RNA-seq, we picked 10 candidate targets together with two candidate nontargets from the analysis and designed primers to amplify each splicing isoform of each gene. We then compared the ratio of the isoform expression levels by RT-PCR for control and PQBP1 knockdown samples. All 10 identified targets exhibited significant AS shift upon PQBP1 knockdown, while the two nontargets showed no discernible changes (Fig. 6B ). This result demonstrated the sensitivity and specificity of our computational method to identify AS targets of PQBP1.
The PQBP1 AS targets showed tissue-specific functional enrichment, with strong gene ontology (GO) enrichments for neuron projection development/morphogenesis, dendrite development, and axonogenesis ( Fig. 6C ; Supplemental Table S4 ) versus genes that were expressed in mouse embryonic cortical neurons profiled from the RNAseq data. This observation was in accordance with the neurite outgrowth defect observed when PQBP1 was knocked down (Fig. 4D,G,H) . Targets of PQBP1 also showed strong enrichment in RNA splicing, synaptic transmission, chromatin modification, cell-cell signaling, phosphate metabolic process, neurotransmitter transport, and ADP-ribosylation factor (ARF) protein signal transduction ( Fig. 6C ; Supplemental Table S4 ). The GO term enrichment profile for PQBP1's AS targets is specific compared with high-throughput studies on other proteins in neurons, especially RNA splicing, chromatin modification, dendrite development-related functions, and ARF signal transduction (Ule et al. 2005; Gehman et al. 2011; Charizanis et al. 2012 ). Bcl-x AS is not conserved from humans to mice and was not identified as a target in this analysis. Among the 14 AS targets identified in HeLa cells that were related to apoptosis control (Fig. 1D) , only the mRNA of BCLAF1 was recognized as an AS target of PQBP1 in mouse neurons, indicating the tissue specificity of PQBP1's regulation in AS.
Considering the physical and potential functional association of PQBP1 and SF3B1, we also knocked down SF3B1 in mouse cortical neurons and examined the AS of the 10 verified targets of PQBP1 (Supplemental Fig. S5A ). Interestingly, all 10 targets also showed a significant AS shift upon SF3B1 knockdown (Supplemental Fig. S5B ).
Among the top hits of PQBP1 AS targets was NCAM-140, a major isoform of neural cell adhesion molecules 1 (Ncam1) (Fig. 6B) . Specifically, a 30-nucleotide (nt) exon between exons 7 and 8 is alternatively spliced in NCAM-140 and is designated VASE (variable alternatively spliced exon) (Fig. 7A) . The VASE-excluding isoform of NCAM-140 (VASE À ) promotes neurite outgrowth, while the VASE-including isoform (VASE + ) inhibits neurite outgrowth (Doherty et al. 1992) . The embryonic brain mainly expresses VASE À with gradual ascendancy until final dominance of VASE + expression toward adulthood, except in regions such as the olfactory bulb, where reformation of synapses and turnover of neurons continue (Small and Akeson 1990) . Thus, the AS of VASE in NCAM-140 is a critical switch for neuronal plasticity. To confirm PQBP1's effect on VASE, we designed primers flanking the VASE exon and examined VASE + and VASE À isoforms by RT-PCR and electrophoresis (Fig. 7A) . VASE + was increased upon PQBP1 knockdown, while VASE À decreased (Fig. 7B) , resulting in a significant decrease in the ratio of VASE À /VASE + expression in response to PQBP1 shRNA versus a control hairpin (Fig. 6B, Ncam1) . These results were confirmed with a second shRNA targeting PQBP1 (Supplemental Fig. S6) .
As a further confirmation that PQBP1 impacts the AS of NCAM-140, we examined AS of NCAM-140 after PQBP1 knockdown in neurons coexpressing the wildtype PQBP1, DAG, and Y65C constructs from Figure 5A . Interestingly, neurons rescued with wild-type PQBP1 restored the ratio of VASE À /VASE + to levels observed in control samples (Fig. 7C) . In contrast, DAG and Y65C were less effective in correcting the VASE À /VASE + ratio (Fig. 7C) .
To test whether NCAM-140 is one of the PQBP1 targets responsible for the defects observed in cells lacking PQBP1, we examined the effect of restoring the ratio of VASE À and VASE + . We coexpressed VASE À under the hPGK promoter in the lentiviral shRNA vector as described above (Fig. 5A) . Knockdown of PQBP1 was verified by Western blot (Fig. 7D) , and the change in the ratio of VASE À /VASE + was verified by RT-PCR (Fig. 7E ). Neurons were transfected with the rescue construct (Fig. 7F) , and Sholl analysis on transfected neurons displayed a significant recovery from the neurite outgrowth defect caused by PQBP1 knockdown (Fig. 7G) . These results confirm the role of PQBP1 in the AS of NCAM-140 and modulating neurite outgrowth.
Discussion
In this study, we showed that the disease-associated factor PQBP1 plays a role in the AS of mRNAs. We The middle exon is the alternatively spliced exon. The 59 IS is the start of a splicing junction, and the 39 ES is the end of the junction. The AS event shown here includes two sub-AS junctions that share the same 59 IS. Light dashed short lines mark RNA-seq reads that are mapped to sub-AS junction 1, and dark solid short lines mark reads mapped to sub-AS junction 2. The distribution of reads mapped to the two sub-AS junctions was used for AS quantification in our analysis. See also Supplemental Figure S4 , Supplemental Table S2 , and the Supplemental Material. (B) RT-PCR validation of 10 randomly picked AS events identified as PQBP1 targets and two randomly picked AS events identified as non-PQBP1 targets in the computational analysis. Abat1 and Icmt were predicted non-PQBP1 targets. The Y-axis depicts the ratio between isoform 1 and isoform 2. Dlgap4, Tmod3, Adam15, and Dclk1 follow the Y-axis on the right side, while the rest follow the Y-axis on the left side. The mean of three independent measurements 6 SD is shown. The differences between control and PQBP1 knockdown (KD) samples were analyzed by one-way ANOVA test. (*) Statistically significant with P-value < 0.05; (**) statistically significant with P-value < 0.01; (n.s.) not significant. (C) GO term functional enrichment of AS targets of PQBP1. Statistics were calculated with all genes that are expressed in mouse embryonic cortical neurons (profiled from RNA-seq data) as the background. The GO term enrichment profile here is specific compared with RNA-seq studies for other proteins in neurons (see the text). The X-axis is the corrected P-value (FDR) in negative log for enrichment. See also Supplemental Table S4 .
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Cold Spring Harbor Laboratory Press on April 29, 2016 -Published by genesdev.cshlp.org Downloaded from demonstrated that PQBP1 associates with core spliceosome components and has a protein association network enriched for other splicing factors. Following down-regulation of PQBP1, we observed aberrant splicing profiles for many mRNAs in both human cells and primary mouse cortical neurons. Specifically in neurons, mRNA profiling showed preferential misregulation of AS in factors that are important for neurite outgrowth, which is defective upon PQBP1 depletion. Collectively, we showed that PQBP1 has a role in AS and indicate aberrant AS as a possible mechanism underlying the symptoms of neurological disorders associated with PQBP1.
PQBP1 affects AS
Our work presents several lines of evidence that PQBP1 affects the AS of many pre-mRNAs. Previous work has indicated an association of PQBP1 with mRNA processing factors (Waragai et al. 1999 (Waragai et al. , 2000 Okazawa et al. 2002; Komuro et al. 1999) . We discovered that PQBP1 colocalizes with SC35 in nuclear speckles ( Fig. 4B ; Supplemental Fig. S3A ), which are nuclear subdomains enriched for many splicing regulatory factors (Spector and Lamond 2011) . Moreover, profiling of PQBP1-associated proteins revealed a set of factors highly enriched in splicing regulators and spliceosome components ( Fig.  2E ; Supplemental Table S1 ). Among these binding partners, we also identified WBP11, a previously reported interactor of PQBP1 (Supplemental Table S1 ; Komuro et al. 1999 ). These results support PQBP1's connection with the splicing machinery.
PQBP1 affects U2 snRNP component SF3B1 function
We observed that PQBP1 did not associate with functional AS target mRNAs in vivo in CLIP experiments, suggesting that it does not bind directly to the AS targets identified in HeLa cells (Fig. 3A) , consistent with its apparent lack of known RNA-binding domains ( Fig. 2A) . SF3B1, which was previously shown to directly bind substrate mRNAs and affect Bcl-x AS (Gozani et al. 1998; Massiello et al. 2006 ) and was herein identified in PQBP1 affinity purifications (Supplemental Table S1 ), constituted a prime candidate to work together with PQBP1. Consistent with this hypothesis, depletion of PQBP1 decreased SF3B1's association with Bcl-x mRNA (Fig.  3D) . In contrast, the binding of SF3B1 to Mcl1, a target of SF3B1 (but not of PQBP1) was not affected by the knockdown of PQBP1 (Fig. 3D) . These findings suggest that PQBP1 affects the association of SF3B1 with a distinct subset of substrate mRNAs. Furthermore, we found that a subset of PQBP1 targets affected in their splicing was similarly influenced by the knockdown of SF3B1 (Supplemental Fig. S5 ). SF3B1 is a central component of the U2 snRNP. Recruitment of U2 snRNP to the intronic branchpoint sequence (BPS) is a key step in the assembly of the spliceosomal A complex and thus the selection of splice sites (Wahl et al. 2009 ). We propose a model whereby through an association with SF3B1, PQBP1 influences the recruitment of U2 snRNP to specific target sites, thus affecting splicing decisions on a subset of mRNAs (Fig.  3E ). The precise mechanism by which this occurs remains to be explored. 
PQBP1 affects the AS of mRNAs in neurons
Depletion of PQBP1 causes a decrease in outgrowth and branching of dendrites in mouse primary cortical neurons ( Fig. 4G,H ; Supplemental Fig. S3B,C) . This morphological defect was not apoptosis-related (Fig. 4E,F) . Qualitatively, dendrites close to the nucleus appeared more affected than distal dendrites by knockdown of PQBP1 (Figs. 4H,  5D ). The defect in neurite morphology caused by loss of PQBP1 could be rescued by re-expression of wild-type PQBP1 (Fig. 5C,D) , confirming the correlation between neurite deformity and the loss of PQBP1 expression. Transcriptome-wide profiling revealed that PQBP1's AS targets were enriched for factors regulating neuron projection development (Fig. 6C ).
To further investigate the effect of PQBP1 on neurons, we focused on the VASE-associated isoforms of NCAM-140 encoded by Ncam1, which has been implicated in neurite outgrowth and development. Ncam1 contains five Ig-like domains involved in homophilic binding of Ncam1 either in cis or trans, which in turn controls cellcell interactions and the induction of neurite outgrowth (Walsh and Doherty 1997) . The AS of VASE determines the inclusion or exclusion of the fourth Ig domain and alters the homophilic binding of NCAM-140 (Lahrtz et al. 1997) . The VASE À isoform of NCAM-140 stimulateswhile VASE + inhibits-neurite outgrowth (Doherty et al. 1992; Liu et al. 1993; Saffell et al. 1994) .
We found that the ratio of VASE À /VASE + expression corresponded to the level of functional PQBP1 and neurite outgrowth (Figs. 4D, 5C , 7C,E,F). Moreover, restoration of the proper ratio of VASE À /VASE + ''rescued'' the abnormal neurite outgrowth associated with the knockdown of PQBP1 (Fig. 7F,G) . These results identified NCAM-140 as a critical target connecting PQBP1-mediated AS to the cellular process of neurite projection and outgrowth. However, the ability of enforced VASE À / VASE + expression to rescue the neurite outgrowth defect caused by PQBP1 down-regulation does not exclude the possibility that other PQBP1 targets contribute to this phenotype. For example, PQBP1 AS targets are also enriched in ARF-related proteins (Fig. 6C) . The members of the ARF family of small GTPases were previously reported to affect dendritic branching and spine formation (Herná ndez- Deviez et al. 2002; Moore et al. 2007) .
A possible role for PQBP1 in neurological disorders
Clinical genetics identified mutations in PQBP1 as the direct cause for Renpenning syndrome, a representative XLMR disorder characterized by microcephaly, short stature, multiple body malformations, and mental retardation (Kalscheuer et al. 2003; Stevenson et al. 2005) . We examined the function of two disease-associated PQBP1 variants-a truncated protein resulting from a DAG deletion and a point mutation containing a Y65C mutation in the WW domain. We discovered that the diseaseassociated PQBP1 mutants had deficiencies in splicingrelated functions. Our proteomics profiling indicates that the association between splicing-related factors and wildtype PQBP1 was lost or altered in the Y65C and DAG mutants, respectively (Supplemental Table S1 ). These results indicate that the association of PQBP1 with splicing factors is important for its function. In line with their compromised association with the splicing machinery, neither DAG nor Y65C restored the AS of NCAM-140 VASE when PQBP1 was knocked down in mouse primary neurons (Fig. 7C) . Furthermore, both mutants were also unable to rescue the defects in neurite outgrowth upon depletion of PQBP1 (Fig. 5E,F) . Defects in dendritic development are consistently found in many other mental retardation disorders, including Fragile-X mental retardation and Rett syndrome (Parrish et al. 2007 ). Our results suggest that disease-associated PQBP1 variants are deficient in maintaining the proper function of PQBP1 in AS. Moreover, aberrant splicing of specific AS targets may contribute to the disease symptoms in PQBP1-related mental retardation disorders.
In summary, we propose that PQBP1, a protein related to neurological diseases, affects AS through association with the core splicing complex. Aberrant AS of specific targets resulting from misregulation of PQBP1 mutants may be one of the causes of PQBP1-related neurological disorders.
Materials and methods
Plasmids, cell culture, and siRNA transfection Details of plasmid and stable cell line constructions are included in the Supplemental Material. HeLa and 293T cell lines (American Type Culture Collection) were grown in standard conditions. siRNAs were transfected with Hiperfect (Qiagen) at a final concentration of 40 nM. siRNAs were siGENOME siRNAs (Thermo Scientific) for PQBP1 and firefly luciferase. Transfections were optimized to reach $85% protein depletion 72 h post-transfection, as determined by Western blotting.
Mouse cortical culture, plasmid transfection, and lentivirus infection
Mouse embryonic cortical neurons were prepared and seeded as in Kim et al. (2010) . For direct neuron transfection, MISSION shRNA lentivirus constructs for PQBP1 (Sigma) and a nontargeting shRNA vector (Addgene Plasmid 1864) were transfected into neurons on the day of seeding with Lipofectamine 2000 (Invitrogen). For lentiviral infection of neurons, 293T cells were transfected with shRNA constructs and packaging vectors. Lentivirus-containing supernatants were collected 48 h post-transfection. Neurons were then incubated with the supernatants for 6 h on the day of seeding. Infection was optimized to reach $60% protein depletion 72 h post-infection, as determined by Western blotting.
RNA extraction and RT-PCR
Cellular RNA was extracted by RNeasy minikit (Qiagen). RNAs (1.5-4 mg) were reverse-transcribed by SuperScript First-Strand Synthesis system (Invitrogen). Bcl-x and NCAM-140 VASE splicing isoforms were analyzed by RT-PCR through primers flanking the alternatively spliced region. A linear range for cDNA input was determined by running a twofold dilution series of 28-cycle PCR reactions. Products were run on 5% Tris-Borate-EDTA gels (Bio-Rad), stained with SYBR gold stain (Invitrogen), and quantified with ImageJ software (National Institutes of Health). Triplicate samples in the linear range were run to determine isoform ratios. Real-time PCR primers were designed with the software Primer3 (SourceForge) and verified by electrophoresis to generate single, correctly sized products. PCR reactions were prepared with SYBR Green master mix (Applied Biosystems), run on a MasterCycler ep realplex (Eppendorf), and quantified by the DDC t method. Primer sets are listed in Supplemental Table S5 .
Tandem affinity immunopurification
Flag-HA-tagged PQBP1 and the Y65C and DAG mutants were purified from HeLa cell extracts by tandem affinity purification and visualized by silver stain as recently described . Specific details are provided in the Supplemental Material.
Sample preparation and mass spectrometry analysis
Sample preparation and liquid chromatography/tandem mass spectrometry analysis were done with slight modifications to a recently described method (Rozenblatt-Rosen et al. 2012) . Specific details are provided in the Supplemental Material.
Western blotting
Cellular proteins were extracted with 13 RIPA buffer (13 PBS, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors). Ten micrograms to 30 mg of protein was loaded onto each lane of a NuPAGE 4%-12% Bis-Tris gel. Proteins were transferred onto PVDF membranes and probed with the following primary antibodies diluted in 13 PBST with 5% nonfat milk: a-PQBP1 (Santa Cruz Biotechnology), a-Flag (Sigma), a-HA (Roche), a-actin (Chemicon), and a-SF3B1 (MBL).
CLIP
HeLa cells were cross-linked at 4000 mJ/cm 2 with a UV Stratalinker (Stratgene) and suspended in 13 RIPA buffer supplemented with protease inhibitors, 10 mM DTT, and 0.4 U/mL RNaseOUT (Invitrogen). Lysates were treated briefly with RQ1 RNase-free DNase (Promega) and cleared by centrifugation. Dynal beads (Invitrogen) that were precoupled with 10 mg of antibody or nonrelevant IgG were incubated with the supernatants and rocked for 4 h at 4°C. Beads were then washed three times with the lysis buffer plus 300 mM NaCl and twice with 13 PNK buffer (50 mM Tris-Cl at pH 7.4, 10 mM MgCl2, 0.5% NP-40). RNA-protein complexes were eluted and treated with Protease K (Ambion), and RNAs were extracted by acid phenol/chloroform. Reverse transcription was performed with a 1:1 mix of oligo-dT and random hexamers, and cDNAs were analyzed by real-time PCR.
Immunofluorescence
Neurons were fixed with 4% paraformaldehyde and 2% sucrose/ PBS for 8 min. Cells were then washed three times with 13 PBS and treated with 13 GDB (gelatin dilution buffer) buffer (0.3% Triton, 0.1% gelatin) for 15 min. Cells were then incubated with antibodies, stained with DAPI, and imaged on a Nikon Ti inverted fluorescence microscope. For costaining, we swapped the fluorophores on secondary antibodies to confirm there was no bleed-through in the fluorescence channels.
Annexin V staining
Neurons were incubated with FITC-conjugated Annexin V (BioLegend) diluted 1:50 in medium for half an hour at 37°C.
Neurons were then directly imaged alive on a Nikon Ti inverted fluorescence microscope.
RNA-seq sample preparation
Libraries were prepared from total RNA following the instructions of the TruSeq RNA sample preparation kit (Illumina). Samples were then run on Illumina HiSeq 2000. Detailed computational methods for AS target profiling are provided in the Supplemental Material. The reported sequencing data have been deposited in NCBI's Gene Expression Omnibus (GEO) (Edgar et al. 2002) and are accessible through GEO series accession number GSE44402.
GO functional analysis
GO term enrichments for proteins associated with PQBP1 in HeLa cells were determined with the DAVID (Database for Annotation, Visualization, and Integrated Discovery) Bioinformatics Database (Dennis et al. 2003; Huang et al. 2009 ). Functional GO enrichments of PQBP1 AS targets in neurons were determined with GoMiner software (Zeeberg et al. 2003) .
